Mixture design has been used to identify possible interactions between mutagens in a mixture. In this paper the use of mixture design in multidimensional isobolographic studies is introduced. Mutagenicity of individual nitro-polycyclic aromatic hydrocarbons (PAH) was evaluated in an organic extract of diesel exhaust particles (DEPs). The particles were extracted with dichloromethane (DCM). After replacing DCM with dimethyl sulfoxide, the extract was spiked with three individual nitro-PAH: 1-nitropyrene, 2-nitrofluorene, and 1,8-dinitropyrene. The nitro-PAH were added separately and in various combinations to the extract to determine the effects of each variable and to identify possible interactions between the individual nitro-PAH and between the nitro-PAH and the extract. The composition of the mixtures was determined by mixture design (linear axial normal) with four variables (the DEP extract and the three nitro-PAH), giving 8 different mixtures plus a triplicate centerpoint, i.e., a total of 11. The design supports a model with linear and interaction (product) terms. Two different approaches were used: traditional mixture design within a well-defined range on the linear part of the dose-response curves and an isobolographic mixture design with equipotent doses of each variable. The mixtures were tested for mutagenicity in the Ames assay using the TA98 strain of Salmonella typhimurium. The data were analyzed with projections to latent structures (PLS). The three individual nitro-PAH and the DEP extract acted additively in the Ames test. The use of mixture design either within a well-defined range of the linear part on the dose-response curve or with equipotent doses saves experiments and reduces the possibility of false interaction terms in situations with dose additivity or response additivity.
Different strategies have been described for the toxicologic evaluation of mixtures: integrative (studying the mixture as a whole), dissective (dissecting or fractionating a mixture to determine causative constituents), and synthetic (studying interactions between agents in simple combinations) (1) . In a recent study fractionation of organic extracts followed by recombination of the fractions was introduced as a strategy for toxicologic evaluation of mixtures (2) . Spiking has been used to evaluate the mutagenicity of individual polycyclic aromatic hydrocarbons (PAH) in a complex mixture (3, 4) .
In studies using either the synthetic approach, fractionation/recombination, or spiking, well-defined variables may be combined differently to obtain the effect of each variable and possible interactions between them. The composition of the new mixtures may be determined by means of statistical experimental design, which is increasingly used in mixture research. Most commonly factorial designs are used (4-7). However, factorial designs require orthogonality, which is not always the case in liquid mixtures (8, 9) . As an alternative, mixture design has been used in the evaluation of exhaust emissions of fuels (3, 10) , in inhalation studies with vapor mixtures of hydrocarbons (11) , and to recombine the fractions of organic extracts of diesel exhaust particles (DEPs) (2) .
In this study, mixture design was used to evaluate the mutagenicity of individual nitro-PAH in a DEP extract, which is a complex mixture of organic substances such as aliphatic hydrocarbons, PAH, nitro-PAH, and polar compounds (12) . DEP extracts are mutagenic in the Ames assay primarily because of the direct-acting nitro-PAH. In this study, the DEP extract was spiked with three different nitro-PAH: 
Statistical Experimental Desig
The study was designed as a mixture (linear axial normal) design (9) Figure 1 shows the unscaled PLS regression coefficients with 95% confidence intervals. These PLS regression coefficients are not orthogonal because the starting point was a mixture and should therefore be interpreted the same way as regression coefficients that come from an evaluation of a Cox mixture model (16) . The coefficients are proportional to the change in response when a factor is changed from the centroid to its maximum and the proportions of all other factors are kept constant. As a consequence some PLS regression coefficients representing main effects will be negative. Table 2 shows the blend matrix (first four columns) for the isobolic mixture design and the two responses representing mutagenicity at two different response levels in S. typhimurium strain TA98. The design matrices in Tables 1 and 2 are identical; the numbers refer to the proportions of each variable in each mixture. These proportion numbers represent different doses as described in "Materials and Methods" and in the table legends.
The PLS analysis of the isobolic data revealed no significant terms-neither linear (main effects) nor interaction (product) terms. Figure 2 shows the unscaled PLS regression coefficient for the four variables and one interaction term in TA98 at the higher response level. A similar picture is obtained for the low response level (not shown). Because the responses are independent on the variables, r2 and Q2 become low. The presence of significant interaction terms would improve the models because the responses would be dependent on the combination ofsome variables.
Discussion
According to terminology frequendy used in mixture research, interactions may be synergistic or antagonistic, whereas no interaction is referred to as additivity (17) . Multivariate' data analysis gives empirical models after a mathematical adaptation to the experimental data and should be interpreted with care. It is important to avoid overfit. The .T;-. T :z 1. software used for multivariate data analyses can in principle model any swarm of data points by using a complicated mathematical equation containing lower and higher order interaction terms and quadratic and even cubic terms. This gives high correlation coefficients. However, these models may have poor prediction properties, and many of the terms in the equation are simply due to the variability (noise) in the data set. Therefore, cross-validation (giving the prediction coefficient Q2) and confidence intervals are important (2, 4, 11, 18 With a high number of variables in factorial designs, the span between the combined dose with all variables at low levels and the combined dose with all variables at high levels becomes large. In mixture design, when some variables are at high levels the others are at correspondingly low levels. As a consequence, mixture design makes it possible to keep the total response at acceptable levels.
It should, however, be emphasized that factorial design is generally easier to handle than mixture design, primarily because of the orthogonality. Factorial design is suitable for fractionated designs (8) . Mixture design is as a general rule required for the generation of blend matrices of liquid mixtures (e.g., fuels). Mixture design is also convenient when the mixture is constrained (9) , as demonstrated in fuel testing (10) .
In this study no significant interactions were observed between the different nitro-PAH or between the nitro-PAH and the DEP extract, implying additivity between the four variables. However, there were indications of interactions between 1-nitrofluorene and the DEP extract. This possible interaction was insignificant compared to the variability (noise) in the data. Interactions between primary mutagens and between PAH and primary mutagens in binary mixtures have, however, been reported previously (19) (20) (21) .
On the other hand, additivity was reported between individual PAH and between PAH and DEP extracts (4) .
Both approaches-the traditional and the isobolographic mixture design-make it possible to study many variables with a limited number of mixtures and revealed essentially the same result. A major drawback with the isobolic mixture design is that it is difficult to hit the same response of all variables in the designed experiments in spite of much introductory work to find the equipotent doses of each variable. The isobolic approach is designed for identifying interactions only and gives poor models when there are no significant product terms because the response is independent of the variables. The main advantage with isobolographic studies in general is that false interaction terms in situations with dose additivity and response additivity are avoided (13 
